Glassy water occurs in at least two broad categories: low-density amorphous (LDA) and highdensity amorphous (HDA) solid water. We perform out-of-equilibrium molecular dynamics simulations to study the transformations of glassy water using the ST2 model. Specifically, we study the known (i) compression-induced LDA-to-HDA, (ii) decompression-induced HDA-to-LDA, and (iii) compression-induced hexagonal ice-to-HDA transformations. We study each transformation for a broad range of compression/decompression temperatures, enabling us to construct a "P-T phase diagram" for glassy water. The resulting phase diagram shows the same qualitative features reported from experiments. While many simulations have probed the liquid-state phase behavior, comparatively little work has examined the transitions of glassy water. We examine how the glass transformations relate to the (first-order) liquid-liquid phase transition previously reported for this model. Specifically, our results support the hypothesis that the liquid-liquid spinodal lines, between a lowdensity and high-density liquid, are extensions of the LDA-HDA transformation lines in the limit of slow compression. Extending decompression runs to negative pressures, we locate the sublimation lines for both LDA and hyperquenched glassy water (HGW), and find that HGW is relatively more stable to the vapor. Additionally, we observe spontaneous crystallization of HDA at high pressure to ice VII. Experiments have also seen crystallization of HDA, but to ice XII. Finally, we contrast the structure of LDA and HDA for the ST2 model with experiments. We find that while the radial distribution functions (RDFs) of LDA are similar to those observed in experiments, considerable differences exist between the HDA RDFs of ST2 water and experiment. The differences in HDA structure, as well as the formation of ice VII (a tetrahedral crystal), are a consequence of ST2 overemphasizing the tetrahedral character of water. © 2013 AIP Publishing LLC.
I. INTRODUCTION
Given the vast list of anomalous properties, 1 water is perhaps one of the most complex liquids in Earth. Among liquid water's anomalous properties are the well-known increase of density upon isobaric cooling, 2 the increase of the response functions, such as specific heat and compressibility, upon isobaric cooling, 3, 4 and the increase of diffusivity upon isothermal compression 5 (see, e.g., Refs. [6] [7] [8] . Perhaps less well known are water's anomalous properties in the glass state. Like the well-known polymorphism of crystal states, water exhibits glass polymorphism, that is, it can be prepared in at least two different amorphous glass states, which are broadly categorized as low-density (LDA) and high-density amorphous ice (HDA) (see, e.g., Refs. 6 and 9-11). Both HDA and LDA can have further, more minor, variations, depending on the preparation of the glass.
HDA is most commonly prepared by compressing hexagonal or cubic ice at constant temperature. [12] [13] [14] [15] Experiments show that the pressure at which the low-pressure ice transforms to HDA, P ice → HDA (T), increases with decreasing temperature. 16 P ice → HDA (T) is indicated in Fig. 1 (a), which shows the experimental "phase diagram" for water in the glass domain. We use this term loosely, since the glass is an inherently non-equilibrium, but extremely long-lived state, and the quantitative details of this diagram will be dependent on the rates pressure and temperature changes during preparation. Interestingly, the ice-to-HDA transformation at low temperatures (e.g., T = 77 K) is not reversible, so that HDA can be "recovered" at atmospheric pressure upon decompression. The thick line in Fig. 1(a) represents T x (P), the temperature above which glassy water readily crystallizes.
LDA can be formed from a variety of routes, including rapid quenching at atmospheric pressure-referred to as the variant hyper-quenched glassy water (HGW). Moreover, LDA can be formed from HDA by either (a) isothermal decompression of HDA at T ≈ 130-140 K, [16] [17] [18] or (b) isobaric heating of recovered HDA at low pressure, approximately P < 50 MPa. 12, 16, [19] [20] [21] The experimental HDA-to-LDA transformation line is shown in Fig. 1(a) . Contrary to the behavior of P ice → HDA (T), the pressure at which HDA transforms to LDA, P HDA → LDA (T), decreases with decreasing temperature.
What makes the polyamorphism of glassy water so interesting is the relationship between LDA and HDA. Specifically, LDA and HDA can be reversibly interconverted under appropriate conditions, suggesting that these substances may be related to underlying proper thermodynamic phases. In analogy to the decompression-induced HDA-to-LDA transformation, isothermal compression of LDA produces HDA. 14, 16, 19, 22 The experimental pressure at which LDA transforms to HDA, P LDA → HDA (T), is shown in 70 . The HDL-to-LDL and LDL-to-HDL spinodal lines extend to T = 205 K and T = 235 K, respectively; these are the lowest metastable equilibrium temperatures currently reported for ST2 water. 70 (c) Comparison of the phase diagram obtained from MD simulations of glassy ST2 water for the "fast" (q P = ±300 MPa/ns, filled symbols) and "slow" (q P = ±30 MPa/ns, open symbols) rates. Additionally, we include the LDA-to-HDA transformation studied at rate q P = 3 MPa/ns, at T = 240 K (green triangle). The out-of-equilibrium LDA-HDA transitions converge toward the LL spinodals as the compression rate decreases. Fig. 1(a) . As for the case of P ice → HDA (T), P LDA → HDA (T) increases with decreasing temperature. 16 Additionally, the pressure-induced LDA-HDA transformation resembles a first-order phase transition. 19 Specifically, during the pressure-induced LDA-HDA transformations, (i) the volume changes nearly discontinuously, 14, 16, 17, 22 (ii) hysteresis occurs between the LDA-to-HDA and HDA-to-LDA transformations, 14, 16, 18 and (iii) samples containing LDA and HDA coexisting with one another have been prepared [23] [24] [25] (it is possible that in some of these experiments, surface effects play a relevant role). If the LDA-HDA transformation is indicative of an underlying first-order phase transition, the continuation of this transition to higher T would imply a first-order phase transition between two metastable liquid states of water. Such a transition is either terminated by a critical point at some low T, or extends to negative pressures, since no such a transition occurs in the stable region of the liquid state. This liquid-liquid phase transition hypothesis was proposed originally by Poole et al. 26 in 1992, based on the apparent liquid-liquid phase transition in the ST2 model of water. This hypothesis can account for many of the anomalous liquid properties. We note that alternative interpretations for glass-glass transformations that do not consider an underlying first-order LLPT are also available (see, e.g., Refs. 18 and 27). It is precisely the possibility of different views to explain water glass polymorphism that motivates this work.
The main focus of this work is to characterize the phase diagram of glassy water as observed from computer simulations using the ST2 water model, 28 and to relate the behavior of the glass phases to (metastable) equilibrium phases of water. We show that, even when the time scales available in MD simulations are several orders of magnitude shorter than those probed experimentally, MD simulations qualitatively reproduce the pressure-induced transformations between LDA and HDA discussed above, as well as the pressure-induced amorphization of hexagonal ice (I h ), which results in HDA. We also compare the glass "phase diagram" of ST2 glassy water with the previously reported phase diagram of lowtemperature liquid ST2 water. 29 In this liquid phase diagram, ST2 water exhibits two liquids, a low-density (LDL) and high density liquid (HDL). 26 Moreover, LDL and HDL are separated by a first-order phase transition line, and the liquidliquid phase transition (LLPT) line ends at a liquid-liquid critical point (LLCP). Although some recent works question the existence of a LLPT in ST2 water, 30, 31 most recent computational works robustly demonstrate that ST2 water exhibits a metastable LLPT at low temperature. [32] [33] [34] [35] [36] In addition, the possibility of a LLPT has been seen in computer simulations of many other pure fluids. [37] [38] [39] [40] [41] [42] [43] [44] More importantly, technical questions regarding equilibration raised in Refs. 30 and 31, have no bearing on the qualitative transformations of the glassy states we examine, which are inherently nonequilibrium.
We note that computer simulations of glassy water are not abundant-curious, since experiments focus primarily on the glass state. Thus, simulations have an opportunity to shed some new light on the nature of glass polyamorphism in water. Scattered results have been reported using different water models, such as the SPC/E 9, 45-50 and TIP4P 9, 51, 52 models. Even for the case of the ST2 model, which is the first model found to exhibit liquid polymorphism, the corresponding glass behavior is relatively unexplored. 26, 53 In this work we use the ST2 model -not because it may or may not quantitatively reproduce the properties of water -but rather because it has been demonstrated to qualitatively reproduce the behavior of the glass transition temperature of water as function of pressure, 50 which appears to be associated with a LLPT.
As alluded to above, LDA and HDA are not unique glass states, but instead represent families of two glass forms. 9, 13, 46, 54 This view is based on the potential energy landscape approach (PEL), [55] [56] [57] in which a glass is mapped into a PEL minimum (for a detailed discussion on this interpretation, where LDA and HDA are considered to be two families of glasses, we refer the reader to Refs. 9 and 54). Different members within each (LDA or HDA) family exhibit similar structure and thermodynamic behavior. Members of a given glass family may differ slightly depending on their preparation methods, which may lead to different degrees of relaxation. The different degree of relaxation may result, in some cases, to slightly different thermodynamic behavior (see, e.g., Refs. 13 and 20, 21, 54, and 58-60) . In the case of HDA, two different forms are commonly discussed, unrelaxed HDA (uHDA) and expanded HDA (eHDA). 54, 59 Similarly, a few sub-families of LDA have been introduced, such as LDA I and LDA II . 58 Other well-known low-density amorphous ices, such as hyperquenched glassy water (HGW) 61 and amorphous solid water (ASW), 62 are usually considered to belong to the LDA family. 6 For simplicity, in this work, we will classify the amorphous ices obtained in our computer simulations as LDA or HDA. We will only distinguish between LDA and HGW as required.
This work is organized as follows. In Sec. II, we discuss the details of simulations and glass preparation. The phase diagram of ST2 water in the glass domain is described in Sec. III. In Sec. IV we study the pressure-induced glass-glass transformation, as well as the structure of LDA and HDA. The crystallization of HDA at high pressures and the sublimation of LDA at low pressures are discussed in Secs. V and VI, respectively. The pressure-induced amorphization of hexagonal ice is discussed in Sec. VII. A summary is presented in Sec. VIII. Finally, Appendices A and B are included where we discuss briefly size effects and the reversibility of the LDA-to-HDA transformation.
II. METHODS

A. ST2 molecular dynamics simulations
Our findings are based on extensive out-of-equilibrium molecular dynamics (MD) simulations of water using the ST2 model, 28 with long-ranged (electrostatic) interactions treated using the reaction field technique. 63 We follow precisely the potential parameters, such as the cutoff distance used to calculate short-range interactions, etc., as used in Refs. 29 and 64; those references serve as benchmarks for the equilibrium thermodynamic and dynamic properties.
Most of our computer simulations involve isothermal compression and decompression runs starting from an ensemble of independent configurations. In these simulations, the temperature is controlled using the Berendsen thermostat and barostat. 65 The thermostat temperature is held constant during these runs at the desired compression/decompression temperature while the pressure is increased continuously with time. Specifically, at every simulation time step, the barostat pressure is increased by P = q P δt, where δt = 1 fs is the simulation time step and q P is the compression/decompression rate. In this work, we use two rates, a "fast" rate of q P = ±300 MPa/ns and a "slow" rate of q P = ±30 MPa/ns, one order of magnitude slower. We note, however, that these rates are 8-12 orders of magnitude larger than experimental compression/decompression rates, ≈ ±0.1-100 MPa/s (see, e.g., Ref. 14). For each compression/decompression temperature, we use 10 independent starting configurations to improve statistics. For simulations originating from liquid configurations, we use a cubic box with N = 1728 water molecules; in the case of simulations originating from ice I h configurations, we use an orthorhombic box with N = 1024 water molecules.
B. Preparation of glassy states
Previous studies have shown that the glassy states LDA and HDA can be clearly identified in computer simulations using the ST2 model. 26, 50, 53 As in previous works, we prepare these glassy states by following analogous procedures used in experiments in the preparation of LDA and HDA. However, due to the comparatively short time scales accessible to simulation, cooling and compression/decompression rates used are significantly faster than those used in experiments. The protocols followed are very similar to those described in Ref. 50 .
To obtain a low-density glass, we quench the equilibrated liquid from T = 350 K to T = 0 K with a cooling rate of q T = −30 K/ns, while keeping the pressure constant at P = 0.1 MPa. While other computational methods are available, that may produce more stable glasses (see, e.g., Refs. 66-68), our approach mimics experiments and thus simplifies comparison to experimental data, which is the main motivation of this work. We note that the glass obtained by this cooling process corresponds to HGW, the low-density glass form originally produced by spraying micrometer-sized droplets onto a solid cryoplate. 69 However, the experimental cooling rates are ≈ 10 5 -10 7 K/s, i.e., 3-5 orders of magnitude smaller than our cooling rate. We note that in experiments and simulations, the differences between HGW and LDA (obtained from decompressed HDA), are minor; in the experimental case, such differences disappear after proper annealing. 6 We obtain HDA by two different process: (i) isothermal compression of HGW starting from P = 0.1 MPa, or (ii) isothermal compression of ice I h starting from P = 0.1 MPa. As it will be shown, the forms of HDA that result from processes (i) or (ii) are practically indistinguishable both from the structural and thermodynamic point of view. By decompressing HDA at constant temperature, we produce LDA. In order to compare the LDA-HDA transformation lines and the LL spinodal lines (see Sec. III), we also perform compression runs of LDL, followed by decompression runs of HDL. HDA and HDL are decompressed from P = 1700 MPa at T = 210 K and from P = 700 MPa at T > 210 K. It is not simple to provide a precise temperature above which compression/decompression runs involve LDL-HDL transformations, and below which they involve LDA-HDA transformations. We estimate that at approximately T < 200 K, the simulations can be considered to be in the glass state, at least within the time scale of our simulations (≈10-100 ns), since annealing is negligible or not observed. For example, aging runs of LDA at T = 80 K and P = 0.1 MPa indicate that the density remains constant for at least 100 ns. Similarly, aging HDA at T = 80 K and P = 1700 MPa for 100 ns results in a minor density change (<0.05 g/cm 3 ) during the first 10 ns with no density change occurring in the remaining 90 ns. These are glasses in the sense that they are amorphous structures with dynamical arrest. Consistent with this, metastable equilibrium studies have shown that diffusion is becoming vanishing small on simulation scales at these temperatures.
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III. P-T PHASE DIAGRAM OF GLASSY ST2 WATER
We begin by summarizing the glass transformations for the ST2 water model [ Fig. 1(b) ] obtained from compression and decompression runs for a wide range of temperature. The data from which these transformations are derived will be subsequently presented. For each T studied, we start by compressing HGW, which converts to HDA at a transformation pressure P LDA → HDA (T). In some cases, further compression of HDA results in the formation of high pressure ice VII at pressure P HDA → VII (T). We then decompress HDA, and eventually recover LDA at a pressure P HDA → LDA (T). Hysteresis effects -either of kinetic or thermodynamic origin -mean that P LDA → HDA (T) > P HDA → LDA (T). Further decompression of LDA (or HGW) results in sublimation to the gas at negative pressures.
The low-temperature domain of this phase diagram (conservatively, T < 160 K) is analogous to the experimental phase diagram of Fig. 1(a) for T < T x (P). The main qualitative difference between the experiments [ Fig. 1(a) ] and simulations [ Fig. 1(b) ] is that crystallization at low pressures does not spontaneously occur in ST2 water within our simulation time scales. Accordingly, simulation results show the behavior of liquid ST2 water in the low-temperature regime, where ST2 water exhibits liquid polymorphism. The corresponding liquid-liquid (LL) coexistence line, LL spinodal lines, and LLCP reported in Refs. 36 and 70 are also included in Fig. 1(b) . The HDL-to-LDL and LDL-to-HDL spinodal lines extend to T = 205 K and T = 235 K, respectively; these are the lowest metastable equilibrium temperatures currently reported for ST2 water with reaction field (the version studied here). 70, 71 Due to the relatively large rate of cooling and compression in our work, there is a small overlap between prior studies of equilibrium dynamics with our out-of-equilibrium results.
One of the most important results from Fig. 1(b) is the possible relationship between the LL spinodal lines and glassglass transition lines. In the simplest scenario, when extended into the glass domain, the LDL-to-HDL spinodal line becomes the compression-induced LDA-to-HDA transformation; similarly, the HDL-to-LDL spinodal line becomes the decompression-induced HDA-to-LDA transformation line. This scenario appears valid for the case of a monatomic polymorphic liquid 72 with Fermi-Jagla pair interactions. 43 In the case of the ST2 model, the relation between the spinodals and glass transformation lines is slightly less evident. Fig. 1(b) shows that indeed the LDA-to-HDA and HDA-to-LDA glass transformation lines approach, respectively, the LDL-to-HDL and HDL-to-LDL spinodal lines as temperature approaches the critical point, where metastable equilibrium becomes accessible to simulation. However, the glass-glass transformation lines do not overlap with the previously reported liquid-liquid spinodals when extended into the liquid regime. Instead, kinetic effects, due to the compression/decompression rate, alter the shape of glass-glass transition lines of the ST2 model.
To test the idea of the correspondence between the LL spinodals and the glass-glass transformation lines, we examine how the glass-glass transformation lines change when the compression/decompression rate is reduced by a factor of 10 (reducing |q P | = 300 MPa/ns down to 30 MPa/ns). The results are summarized in Fig. 1(c) . The main result from Fig. 1(c) is that, by reducing q P , the LDA-to-HDA and HDA-to-LDA transformation lines approach the previously reported LDLto-HDL and HDL-to-LDL spinodal lines, respectively. 70 Further testing this idea, we performed one compression at an additional factor of 10 slower (|q P | = 3 MPa/ns) for T = 240 K, and see the continued approach to the spinodal limit. The approach of the glass-glass lines to the spinodals supports the LLPT hypothesis scenario, so that the glass-glass transformation lines are an extension into the glass domain of the liquid-liquid spinodal lines. 53 Note that, not surprisingly, the location of the HDA-to-ice VII transformation (discussed in Sec. V) shows a similar shift as the LDA-HDA transformation lines when the compression rate is reduced by a factor 10.
IV. PRESSURE-INDUCED LDA-HDA TRANSFORMATIONS
We now describe in detail the LDA-HDA transformations as function of temperature, as well as the structure of the amorphous states. As shown in Figs. 1(a) and 1(b), the LDA-to-HDA and HDA-to-LDA transformation lines exhibit a qualitatively similar behavior in ST2 water simulations and experiments. In both cases, P LDA → HDA (T) increases and P HDA → LDA (T) decreases as the temperature decreases. Moreover, the slopes of these loci are quantitatively similar between experiment and simulation. Specifically, the slope of the P LDA → HDA (T) locus is approximately −0.15 K/MPa for ST2 glassy water [ Fig. 1(b) ] and −0.25 K/MPa for experiments [ Fig. 1(a) ]. Similarly, the slope of the P HDA → LDA (T) locus is approximately 0.2 K/MPa for ST2 glassy water and 0.1 K/MPa for experiments. However, we note that the values of P LDA → HDA (T) obtained in simulations are much larger than those reported in experiments, which is expected given the large compression rates used in simulations. As we discussed previously, a slower compression will reduce the HDA-to-LDA transition pressure toward the LDL-to-HDL spinodal. Similarly, simulations predict much smaller values of P HDA → LDA (T) than the pressures obtained from experiments. In particular, it is found that for our rapid decompressions rates, HDA transforms to LDA at negative pressures (tension) for approximately T < 200 K. Similar to the LDAto-HDA transformation, a slower rate increases the pressure of the HDA-to-LDA transformation toward the HDL-to-LDL spinodal. Experiments [at a much slower decompression rate ( Fig. 1(a) )] also find that HDA may transform to LDA at negative pressures for approximately T < 115 K but transforms at positive pressures for approximately T > 115 K.
A. Density during the LDA-HDA transformations
Figure 2(a) shows the density as function of pressure during the compression-induced LDA-to-HDA transformation, followed by the corresponding decompression-induced HDAto-LDA transformation at three representative temperatures, T = 20, 80, and 140 K. As observed in experiments, 14, 19, 22 at low pressure, the density of LDA increases approximately linearly with increasing pressure. This behavior is followed by a sharp change in density upon further compression, which signals the LDA-to-HDA transformation. Figure 2 (a) shows that further compression of HDA results in a weak change in density. Experiments indicate that, at slow compression rates (≤20 MPa/s 14 ) , HDA transforms to a very-high density amorphous (VHDA) 73 ice, and that this transformation is accompanied by a small, continuous density change. 14 We explore this possibility by extending our compression runs up to 6000 MPa. However, for all temperatures explored, we find no change in density that could be identified with the HDA-to-VHDA transformation. Instead, it is found that at these high pressures, some samples crystallize to ice VII, as we discuss later.
In order to study the HDA-to-LDA transformation, we decompress HDA at different temperatures. As observed in experiments, 16, 18 Fig. 2(a) shows that the density of HDA decreases smoothly upon decompression until HDA transforms to LDA. At the transition, the density exhibits a sharp change, as observed in Fig. 2(a) . For T 200 K, we can recover LDA only at negative pressures for our decompression rates [see also Fig. 1(b) ]. Continued decompression results in the sublimation of LDA. The sublimation of LDA is signaled by the rapid drop in density [ Fig. 2(a) ] when stretched to P −500 MPa. We stress that the LDA samples recovered at negative pressures are mechanically stable relative to the vapor phase. Specifically, we perform one simulation of LDA at P = −450 MPa and T = 80 K for 100 ns and confirm that the system remains in the LDA phase, with no signs of sublimation. The density of LDA obtained upon decompression of HDA (P < −400 MPa) is lower than observed experimentally, in the range 0.76-0.83 g/cm 3 at T = 20, 80, and 140 K; experimentally, the density of LDA at P = 0.1 MPa and T = 77 K is 0.94 g/cm 3 . 19 The same observation holds when considering the density of the starting LDA forms (i.e., HGW) at P = 0.1 MPa; in this case, the density of LDA is approximately 0.87 g/cm 3 [ Fig. 2(a) ]. Such low density values are consistent with the fact that ST2 more strongly emphasizes low density, tetrahedral structures than water does. For example, ice I h has an experimental density of about 0.92 g/cm 3 at ambient melting conditions, while in the ST2 model ice I h has a lower density, about 0.86 g/cm 3 . Regarding the density of HDA, it is found that the values from ST2 water simulations are also off from the corresponding experimental value. For example, the experimental density of HDA, recovered at T = 77 K and P = 0.1 MPa, is approximately 1.19 g/cm 3 . At similar conditions, the HDA density is 1.34-1.42 g/cm 3 in ST2 water, depending on the starting pressure of HDA [see, e.g., Fig. 2(a) , and Fig. 7(b 
As shown in Fig. 2 (a) the density changes accompanying the LDA-HDA transformations in ST2 water are very sharp and surprisingly similar to the corresponding experimental density changes (e.g., see Fig. 2 in Ref. 16 ). The data shown in Fig. 2(a) is the average density over the 10 independent runs. Examining this more carefully [ Fig. 2(b) ], we see that the density changes at the LDA-HDA transformation are even sharper for individual simulation runs. Additionally, the pressure of the transition varies from run-to-run. Consequently, the density jump for the system average is less pronounced, obscuring the phase-transition like behavior of individual runs.
For comparison, other water models where a LLPT is not accessible on available simulation time scales, such as the SPC/E and TIP4P models, 9, 50, 53 exhibit smooth density changes accompanying the LDA-HDA transformations at similar compression/decompression rates. Additionally, examining ensembles of independent compression runs in SPC/E shows that the LDA-HDA transformation occurs always at nearly the same pressure, 50 rather than the run-torun variation we see in ST2. This supports the notion that the transformation in ST2 has an underlying phase transition as its origin, while in SPC/E the transformation is rapid, but continuous. Of course, it is possible that for much slower cooling and compression rates than are presently feasible, phase-transition like behavior might also emerge in the SPC/E model. Moreover, the purpose of the distinction is not to say that other models lack value-only that they do not readily reproduce a phase-transition like behavior of LDA-HDA transformation at the studied compression/decompression rates. As a counter point, the densities of LDA and HDA-like glasses in SPC/E and TIP4P more closely match the experimental densities (see, e.g., Ref. 9).
B. Structure of LDA and HDA
In order to characterize the structure of LDA and HDA, we focus on compression/decompression cycles at temperature T = 80 K, very near to the liquid nitrogen boiling point 77 K, where many experiments are performed. At this temperature, radial distribution functions (RDFs) g(r) of LDA and HDA from experiments are available. 74, 75 Figure 3 shows the oxygen-oxygen (OO) g(r) at five selected points during the compression/decompression cycle at T = 80 K. All RDFs reach a constant value of 1 for approximately r > 1 nm, consistent with the fact that the system is amorphous, with no long-range order. The amorphous character of these states is further evident from the snapshots shown in Fig. 4 , which show molecules colored based on their coordination number (CN), at different pressures. The CN of a given molecule is the number of nearest-neighbors with oxygenoxygen distance r OO ≤ 0.35 nm, and hence it is proportional to the local density at the molecules location. It follows from function g(r) for the oxygen atoms. Each data set is offset vertically by 0.5 for clarity of the figure. As indicated by the inset, state points A and B are LDA (HGW) during compression; points C and D are HDA; finally, point E is LDA recovered from HDA at very low pressure P = −500 MPa, prior to sublimation. Fig. 4(b) that during the LDA-to-HDA transformation, the glass exhibits large spatial correlations of LDA-and HDAlike molecules. Interestingly, these images do not show a distinguishable nucleus, as one would expect in equilibrium firstorder phase transitions. Instead they show structure similar to a bi-continuous state that would be expected near the spinodal limit [see also Appendix B] . Indeed, for the highly nonequilibrium path that we follow, it is not evident how the LDA-to-HDA transformation should proceed, i.e., whether it should exhibit spontaneous nucleation, as in equilibrium liquid-to-crystal first-order phase transitions, or if it should exhibit spinodal decomposition, with no distinct phase separation. Experiments performed by Tanaka and collaborators with triphenylphosphite (TPP) 76 and n-butanol, 77 as well as mixtures of glycerol and water 78 (where LDL and HDL have same composition), indicate the existence of a LLPT. In all these works, it was observed that, in some cases, the LLPT exhibited spontaneous nucleation, while in others, it showed spinodal decomposition. The RDF for states A and B (indicated in the inset of Fig. 3) correspond to LDA. These distributions practically overlap, even when the corresponding pressures differ by 800 MPa. Similarly, the RDFs for states C and D correspond to HDA, and are practically indistinguishable, although the corresponding pressures differ by ≈2000 MPa. We also include the RDF for state E, which corresponds to the LDA form produced by decompression of HDA. As expected, the RDF of state E is comparable to the RDF of the LDA forms corresponding to states A and B.
In the RDFs of both LDA and HDA, the first peak is located at r = 0.28 nm, dictated by the formation of a hydrogen bonds to the nearest neighbors. The main differences between these RDFs occur at intermediate separations, beyond the first hydration shell. Figure 3 shows that the transformation of LDA to HDA in ST2 water is accompanied by a shift of the second peak, from r = 0.45 nm to r = 0.50 nm. In addition the third and fourth peak of LDA RDF, located at r = 0.68 nm and r = 0.86 nm, respectively, are barely distinguishable in HDA. Interestingly, Fig. 3(b) shows that the first minimum of LDA OO-RDF is nearly zero, indicating an empty first interstitial hydration shell (located at r ≈ 0.33 nm). Instead, in the case of HDA, the first minimum is non-zero, i.e., the interstitial hydration shell is populated. Experiments also show that LDA is characterized by an empty interstitial hydration shell. 74 This first interstitial shell is populated by one molecule, in average, in the case of HDA. 74 While the RDFs of the ST2 model have features that are qualitatively similar to experiments, it is natural to consider to what degree the structure can be quantitively compared to experiments. In general, rigid water models, such as the ST2 and SPC/E models, are limited in reproducing the experimental RDFs, even at ambient conditions. Figures 5(a) and 5(b) show the OO, oxygen-hydrogen (OH), and hydrogen-hydrogen (HH) RDFs of LDA and HDA for both the ST2 and SPC/E water models, as well as experiments. 74 All distributions are obtained at similar conditions, T ≈ 80 K and P ≈ 0.1 MPa. In the case of LDA, all RDFs obtained with the SPC/E and ST2 model are remarkable similar to one another and are consistent with the experimental data. While the location of the RDFs maxima and minima are well reproduced by simulations, the first peak of the OO, OH, and HH RDFs is overestimated by both SPC/E and ST2 models.
In contrast, the RDFs of HDA are better reproduced by the SPC/E model than by the ST2 model [ Fig. 5(b) ], as noted previously. 45 Deviations of g(r) for the ST2 model from experiment are most noticeable in the OO RDF. Specifically, the OO RDF of HDA obtained from experiments (and SPC/E simulations) exhibits a wide second peak that extends from roughly 0.35 nm to 0.55 nm; instead, in the ST2 model, the second peak of the OO RDF is narrower and is centered at 0.52 nm. The deviations in the ST2 model are understood from its over-emphasis of tetrahedral order, which limits the tendency for molecules to occupy interstitial locations around 0.33 to 0.35 nm. Similarly, the ST2 model also exhibits deeper minima in the HH and OH RDFs, and has additional maxima and minima that are not observed in the corresponding experimental (and SPC/E model-based) RDFs. Consequently, the ST2 model is not well suited to study glass structure at highpressures, and therefore not helpful to understand the relationship between the various HDA sub-groups uHDA, eHDA and VHDA.
In short, compared to the SPC/E model, 50 the ST2 model is better at reproducing the qualitative behavior of ρ(P) during the pressure-induced LDA-HDA transformations, but at the expense of poorly predicting HDA structure. We stress that our conclusions are limited to the glass state and have no implications on the performance of these models (i.e., whether ST2 or SPC/E is better at reproducing experimental data) at different conditions, such as in the liquid phase at room temperatures or in the ice domain.
An alternate way to quantify the structural differences between LDA and HDA is through a tetrahedral order parameter, since the hydrogen-bond network is significantly altered across the LDA-HDA transformation. For example, Fig. 6 shows the average tetrahedral order parameter q(P) (introduced in Ref. 79 ; see also Ref. 80 for a similar definition of tetrahedral order parameter) during the compressiondecompression cycle shown in Fig. 3. q(P) can take values in the range −3 to 1, where q = 1 implies a perfect tetrahedral local arrangement; the average value of q is ≈0 for a random distribution of particles. Figure 6 shows that molecules in LDA have a highly tetrahedral local arrangements, with q ≈ 0.9 [state point labeled A, see Fig. 3 ]. The tetrahedral order parameter drops to q = 0.47 in the case of HDA [state point labeled C, see Fig. 3 ]. For comparison, we note that in the SPC/E model, the tetrahedral order for LDA (or, more precisely, HGW) and HDA at T = 77 K are, respectively, 0.82−0.84 (at −500 ≤ P ≤ 400 MPa and 0.9 ≤ ρ ≤ 1.0 g/cm 3 ) and 0.67 − 0.70 (at 1400 ≤ P ≤ 2200 MPa and 1.3 ≤ ρ ≤ 1.4 g/cm 3 ). 49 The distribution of tetrahedral order parameter for the individual molecules, P(q), during the LDA-HDA compression cycle at T = 80 K is shown in Fig. 7 for selected pressures. For comparison, we also include the P(q) distribution for ice I h at low pressure. The P(q) distribution of ice I h is reminiscent of a delta distribution at q ≈ 1, as expected for a perfect tetrahedral structure. Interestingly, the P(q) distributions for both the starting LDA form (i.e., HGW) and the LDA form obtained by decompression of HDA are practically identical. These LDA forms are characterized by a wide P(q) distribution, expanding from q ≈ 0.5 to q ≈ 1. We note that while there is some overlap between the P(q) distributions of LDA/HGW and ice I h , the corresponding distributions are very different. The P(q) distribution of HDA is very wide, expanding from q ≈ 0 to q ≈ 1 and indicating the presence of a rich variety of local structure. 
V. CRYSTALLIZATION OF HDA TO ICE VII
We next discuss the compression-induced transformation of HDA (or HDL, for T > T g ) to a crystal that closely resembles ice VII at high pressures [see Fig. 1(b) ]. For reference, we show a simulation snapshot of the crystal in Fig. 8 . We note that bulk crystallization of all-atom water models is rather unusual in MD simulations, 35, 81, 82 but high-pressure crystallization to an ice VII-like structure has been previously reported for the ST2 model. 35, 83 We confirm that the crystal formed is ice VII by evaluating the structure factor S(q). Fig. 9 shows that the primary peaks of S(q) line up remarkably well with the expected locations of primary crystal planes of ice VII. 84 Given the strong tendency for ST2 to favor tetrahedral structures, it is not surprising that ice VII might be a favored crystal state, since ice VII has the structure of two interpenetrating (but non-bonded) tetrahedral lattices. Experiments also show crystallization of HDA on compression, [85] [86] [87] [88] however the crystal formed is ice XII. The discrepancy in the high TABLE I. Number of independent simulations, n (out of 10), that exhibit the HDA-to-ice VII transformation. Crystallization of HDA is observed at T ≥ 160 K for P ≤ 6000 MPa. P HDA → VII is the lowest pressure at which HDA crystallizes [see magenta line in Fig. 1(b) ].
Compression T (K) n P HDA → VII (MPa) 140 0 . . .  160  3  4780  180  3  3652  200  8  2188  210  9  1828  220  6  1456  230  10  869  240  10  812  250  10  765  260  10  819  270  10  968  280  10  1041 pressure phase is a consequence of the ST2 model's strong preference for tetrahedral arrangements. This is again evidence that the ST2 model is not ideal for studying water structure at high pressure. We note, however, that slower compression rates than those explored in this work may allow the system to relax to other crystalline structures, including possibly ice XII. In the ST2 model, we observe crystallization to ice VII only at T ≥ 160 K for P ≤ 6000 MPa; at lower T, crystallization is likely possible for slower compression rates. Furthermore, we note that not all individual compression runs exhibit crystallization and, like the LDA-to-HDA transformation, the crystallization pressures vary considerably among the independent runs. Thus, there must be a significant kinetic barrier to crystallization, exacerbated by the stochastic nature of crystal nucleation in the out-of-equilibrium process. We list the number of runs that result in a high-pressure crystal in Table I , along with the minimum pressure at which HDA crystallizes upon compression. The corresponding HDL/HDA-to-ice transformation line is shown in Fig. 1(b) .
We define the crystallization locus P HDA → VII (T) given in Fig. 1(b) by the lowest (rather than mean) pressure at which HDA crystallizes upon compression over the independent runs. The P HDA → VII (T) locus has a nose-like shape. This behavior can be understood by considering the T-dependence of water's crystallization time, τ x (T). Both simulations and theory predict that τ x (T) exhibits a minimum as function of temperature, 30, 42, 82, 89 and such a minimum is common for most liquids, 90 referred to as a "time-temperature transformation." Qualitatively, this minimum is a consequence of the balance between the growing free energy gap between liquid and crystal states that enhances crystallization rates, and the slowing of liquid dynamics that inhibits crystal nucleation. Since all our compression runs are performed at the same rate, a nose-like shape of τ x (T) will yield a similar shape for P HDA → VII (T). We note that the HDL/HDA-to-ice transformation line shown in Fig. 1(b) is only indicative of the kinetic tendency of HDA to crystallize at a given compression temperature, and should not be taken as a thermodynamic transition line. Examining the density and structure, crystallization is easily detected in the case of the ST2 model. Figure 10(a) shows the evolution of ρ(P) at high pressure for two individual runs performed at T = 200 K, one which crystallizes, and one that does not. Crystallization to ice VII is accompanied by a small density change in ρ(P), following the large density change accompanying the LDA-to-HDA transformation. We also evaluate the tetrahedral order parameter, and see that, on crystallization, q increases relative to HDA to ≈0. 43 [ Fig. 10(b) ]. The tetrahedral order parameter for HDA is q ≈ 0.39. For comparison, we note that for ice I h at P = 0.1 MPa and T = 80 K, q I h = 0.99. Since ice VII is tetrahedral, such a small value for q might seem surprising. However, since the evaluation of q examines the 4 nearest neighbors, as opposed to 4 bonded neighbors, interpenetration results in some non-bonded (and thus non-tetrahedral) neighbors to be counted.
While the structure factor provides the best indicator of crystal periodicity, the real space structure measured by the RDF is often more intuitively valuable. Figure 11 shows the OO RDF for ice VII, and compares it with that for ice I h , LDA, and HDA, for reference. As expected, the primary peak is located at the ideal hydrogen bond distance for all states. for ice I h , LDA, and HDA. The most notable feature of the ice VII RDF is the shoulder of the first peak, due the interpenetrating structure of ice VII.
The interpenetrating nature of ice VII gives rise to a pronounced "shoulder" in the first peak of the RDF. Since ice VII consists of interpenetrating diamond lattices, the locations of the ice I h peaks are preserved-except those that correspond to the differences between hexagonal and cubic tetrahedral lattices (i.e., the difference between ice I h and ice I c ).
We have also examined the change in the crystallization locus P HDA → VII (T) using the slower compression rate. Not surprisingly, reducing q P shifts P HDA → VII (T) to lower pressures [ Fig. 1(c) ]. This results suggest that HDL will be inaccessible at P 400 MPa and low temperatures for simulations performed at much slower compression/decompression rates. At slow enough rates, potentially accessible to simulations in a few years, lower pressure ices may also spontaneously crystallize, giving rise to a crystallization zone analogous to the "no-man's land" in experiments where the LLCP would be hidden. 53 Hence, the slow compression rate phase diagram would become much more similar to that observed experimentally, where such rapid cooling rates under pressure are not presently feasible.
VI. SUBLIMATION OF LDA
We also study the stability of LDA relative to the vapor phase by extending the decompression runs to rather large negative pressure (tension). Figure 1(b) shows the sublimation pressures, P LDA → vapor (T), at which the decompressed form of LDA obtained from HDA sublimes upon further decompression, using the fast rate (violet triangles-left). For comparison, included in Fig. 1(b) is the liquid-to-gas spinodal line for ST2 water (squares) reported in Ref. 29 . As expected, the P LDA → vapor (T) locus merges smoothly with the liquid spinodal line for high enough T T g . For comparison, when HGW (obtained upon rapid cooling the liquid) is decompressed at the same rate (q P = −300 MPa/ns), we obtain a different sublimation pressure, P HGW → vapor (T), (brown triangles-left). Figure 1(b) shows that at all temperatures P HGW → vapor (T) < P LDA → vapor (T), indicating that the LDA form obtained from HDA is less stable, relative to the vapor, than the LDA form obtained upon cooling the liquid (HGW). It follows that these forms of LDA have some structural and thermodynamic differences. As shown in Appendix A, these differences are rather minor and depend on the q P considered.
VII. PRESSURE-INDUCED AMORPHIZATION OF HEXAGONAL ICE
In addition to the LDA-HDA transformations, water exhibits another unusual transition at low temperatures. Specifically, it has been long known that isothermal compression of ice I h , the stable ice at normal pressure and low temperature, produces HDA. 12 The experimental pressures at which this transformation occurs, as function of temperature, are shown in Fig. 1(a) (green line) . In this section, we examine the pressure-induced amorphization (PIA) of ice I h at different temperatures using computer simulations. At low temperatures, ice I h transforms to HDA; at high, temperatures, ice I h transforms to HDL in our simulations. Fig. 1(b) . The resulting phase diagram at low temperature (e.g., T < 220 K) is qualitatively similar to Fig. 1(a) . Figure 12 shows the ice I h -to-HDA/HDL transition pressures [P I h →HDA (T )] for ST2 water. At our faster compression rate, the values of the transition pressure are much higher than those reported in experiments [see Fig. 1(a) ]. Nonetheless, the qualitative experimental behavior of P I h →HDA (T ) at low temperatures is reproduced by simulations. Specifically, simulations predict correctly that P I h →HDA (T ) should increase as the compression temperature decreases. The corresponding slopes at low temperatures are −0.20 K/MPa [ Fig. 1(a) ] and −0.08 K/MPa [ Fig. 12 ] for the experimental and simulation case, respectively.
Experiments using emulsified ice indicate that the P I h →HDA (T ) locus exhibits a kink at T ≈ 160 K. The experiments of Ref. 12 indicate that above this temperature, PIA of ice I h results in (emulsified) liquid water and the transformation corresponds to the metastable extension of the equilibrium melting of ice I h . Accordingly, experiments show that the P I h →HDA (T ) locus at low temperatures is an extrapolation of the metastable melting temperature of ice I h , T M (P), at high temperatures, similar to the relationship we see between the liquid-liquid spinodals and the glass-glass transitions. Instead, below T = 160 K, PIA of ice I h results in HDA via a pressure-induced mechanical collapse of ice I h . Hence, the pressure-induced I h -to-HDA and I h -to-HDL transformations have a different origin. 13 Accordingly, at very low temperatures, the P I h →HDA (T ) locus deviates from the corresponding extrapolation of T M (P) (see, e.g., Fig. 2(a) of Ref. 13) .
Contrary to experiments, in the ST2 model, the P I h →HDA (T ) locus exhibits no kink [ Fig. 12 ]. This may be not surprising, giving the fast rate used in our simulations. A similar result was obtained in MD simulations using the Fermi-Jagla model. 72 Interestingly, the smooth behavior of the P I h →HDA (T ) locus suggests an alternative interpretation for the pressure-induced I h -to-HDA transformation. Specifically, the ice I h -to-HDA, could be interpreted as the out-ofequilibrium, fast compression-induced melting of ice I h at high temperature, extended to low temperatures, into the glass domain. This interpretation for the origin of the ice I h -to-HDA transformation is consistent with simulations using the FermiJagla model. A natural question that follows from Fig. 12 is whether the same form of HDA is obtained by (i) PIA of ice I h and (ii) compression of LDA. To answer this question we compare the RDFs of HDA obtained from LDA and ice I h at P = 3000 MPa and T = 160 K. The OO, OH, and HH RDFs are shown in Fig. 13 . The RDFs are nearly quantitatively identical, indicating that both glass preparations lead to the same HDA form.
We note that if the same HDA form results from compression of either ice I h or LDA, then the ice I h -to-HDA transformation should be followed by a HDA-to-ice VII transformation at high pressures. This is indeed confirmed by our simulations. Figure 12 shows the pressures at which HDA (and HDL, at high temperatures), obtained by PIA of ice I h , crystallizes into a high-pressure crystal (brown trianglesright). At T > 300 K, one finds the ice I h -liquid transformation, followed by the liquid-to-ice VII transformation. As we expect, the liquid-to-ice VII crystallization line (brown line in Fig. 12 ) at T ≈ 300 K is continuous with the HDA-to-VII locus obtained by starting from LDA at low pressures (magenta line in Fig. 12 ). In addition, the HDA-to-ice VII transformation pressure at T = 200 K when starting from ice I h (brown triangle-right) is consistent with the corresponding pressure when starting from LDA (magenta right-triangle).
The crystallization of ice VII from HDA results in a small, but noticeable density change during the compression of ice I h [ Fig. 14(a) ], just as observed in the compression of LDA. For example, the large density change at P ≈ 1890 MPa corresponds to the I h -to-HDA transformation; the small density change at P ≈ 2813 MPa, indicates the crystallization of HDA. The states labeled A, B, and C in the figure correspond to ice I h , HDA, and high-pressure ice, respectively, and the corresponding OO RDFs are shown in Fig. 14(b) . The density change at either the I h -to-HDL and I h -to-HDA transformations is very sharp, reminiscent of a first-order transition.
VIII. SUMMARY AND DISCUSSION
In this work, we described the phase behavior of the ST2 water model in the glass state and related it to the metastable equilibrium liquid phase diagram reported in Refs. 29 and 70. The ST2 model is the most studied water model that exhibits a LLPT. Indeed, the LLPT hypothesis proposed to explain the thermodynamic anomalies in the liquid and glass domains was originally proposed based on MD simulations using the ST2 model. 26 While the behavior of this model in the liquid domain is well-documented (see, e.g., Refs. 26, 29, 32-34, and 64, its behavior in the glass domain has not been well explored. 26, 50, 53 Paradoxically, most experimental work has been performed in the glass domain, since experiments around the expected LLPT temperatures have not been possible due to rapid crystallization. Hence, the present work fills a gap between ST2 model simulations and experiments, and provides a logical test for the LLPT hypothesis.
We showed that the ST2 model reproduces qualitatively the (i) compression-induced LDA-to-HDA, (ii) decompression-induced HDA-to-LDA, and (iii) compression-induced ice I h -to-HDA transformations that have been reported in experiments. Compared to experiments, the transformation pressures are overestimated, i.e., compression-(decompression-) induced transformation pressures are higher (lower) than those reported in experiments. This is not surprising given the simplicity of the ST2 water model (which assumes a rigid structure molecule with five interacting sites), and the extremely fast compressions rates required by simulations.
In addition to transformations (i)-(iii), we found that HDA (or the liquid, at high T) in the ST2 model rapidly crystallizes at high-pressures to ice VII, which consists of two interpenetrating tetrahedral lattices. Crystallization of HDA in experiments results in ice XII. We attributed this difference to the fact that ST2 overemphasizes the tetrahedral character of water. We note that crystallization in MD simulations using water models is rather unusual. The (out-of-equilibrium) crystallization pressure as function of temperature has a minimum at intermediate temperatures, as expected from time-temperature transformation curves of many more simple liquids. By extending the simulations to negative pressures, it was found that LDA sublimes. Interestingly, the minimum pressure accessible to LDA is sensitive to its preparation process.
By constructing a P-T "phase diagram" with the pressures corresponding to transformations (i)-(iii), we compared the glass phase diagram of ST2 water with its (metastable) equilibrium liquid phase diagram, which includes the LLCP and LL spinodals lines. Our results support the proposal that the LDA-to-HDA and HDA-to-LDA transformation lines at slow compression rates are the continuation into the glass domain of the LDL-to-HDL and HDL-to-LDL spinodal lines, respectively. At the two compression/decompression rates studied, we observed some deviations between the spinodal and glass-glass transformation lines. However, these differences become less pronounced as the compression/decompression rate decreases. These results are in agreement with the predictions of the LLPT hypothesis.
One may wonder, is there any statistical mechanics basis underlying the relationship between the reported liquid and glass polymorphism in ST2 water? A potential explanation is provided by the potential energy landscape (PEL) approach, 55 , 56 a helpful formalism based on statistical mechanics/thermodynamics that can be used to study supercooled liquids and glasses. In the PEL formalism, it can be shown that the pressure of a glass can be formally separated in P = P I S + P vib , 91 where P IS is the pressure of the system at the corresponding IS of the glass and P vib is the pressure of the system due to vibrational motion within the basin associate to the corresponding IS. If the IS of the glass are not structurally different from the low-temperature configurations of the subcritical (T < T LLCP ) liquid (even when the corresponding IS may differ), then one would expect that the P IS of the glass and subcritical liquid will be similar. Hence, if during the compression/decompression cycle of the glass, P vib plays a secondary role, e.g., due to the low temperature, then (∂P/∂rho) glass ≈ (∂P/∂rho) sub-critical liquid + (less relevant terms). Therefore, any structural change of the subcritical liquid leading to a discontinuity in ρ(P) at the LDL-HDL transformation (which is accompanied by changes of IS) would also be reflected in the glass state, resulting in a sharp density change at the LDA-HDA transformations. Support of this view can be found in Ref. 46 , where the PEL of SPC/E glassy water was studied during the pressure-induced LDA-HDA transformations. It was found that, during these pressure cycles, P IS (ρ) indeed changes suddenly (but smoothly, since there is no accessible LLCP in SPC/E water) with density at the LDA-HDA transformations. In particular, the rate at which P IS (ρ) changes during the LDA-HDA transformations are also observed in P(ρ) itself, 47 supporting that the main contribution to P(ρ) is P IS (ρ). By the same token, one can conclude that it is possible that other water models that do not exhibit a LLPT, such as the SPC/E and mW water models, may still exhibit glass polymorphism. 92 In these cases, however, the change in pressure with density at the LDA-HDA transformation would be rather smooth, as observed for the SPC/E model. While the ST2 model is a good model to reproduce qualitatively the transformation loci and density behavior during the LDA-HDA transformations, it is not optimal to quantitatively reproduce experimental densities or the detailed properties of water at high pressure. As noted above, spontaneous crystallization at high pressure favors an incorrect ice polymorph, and high pressure structure (measured by RDFs) of HDA does not compare well to experimental data. This implies that one should be careful if the ST2 model is employed to study the detailed properties of HDA or other high pressure water glasses. However, we note that these conclusions are based on the results obtained at our relatively fast compression rates, and it is unclear if slower rates may improve the performance of ST2 model. For comparison, we showed that the SPC/E model better reproduces the RDF of HDA. However, at accessible quench and compression rates, the SPC/E model fails to reproduce the qualitative glass diagram found in experiments and the ST2 model, as discussed in Ref. 50 .
We also studied the compression-induced amorphization of the low-pressure crystal, ice I h . At both compression rates considered, it was found that the crystal transforms to HDA (HDL) at low (high) temperatures. HDA formed upon compression of the crystal was, from the thermodynamic and structural point of view, nearly indistinguishable from the HDA form obtained from compression of LDA. Interestingly, we found that the ice I h -to-HDA locus in the PT plane was a smooth extension of the metastable ice I h -to-HDL locus, obtained at high temperature. It follows that the ice I h -to-HDA transformation locus can be thought of as the extension into the glass state of the metastable ice I h -to-HDL line found at high temperatures. Therefore, apparently both phenomena have a common origin, i.e., the crystal reaches its metastable limit relative to the high-density amorphous state, transforming to HDA or HDL.
The present work is meant to present basic information on the phase diagram of ST2 glassy water that may be useful for future studies of glassy water polymorphism. The present simulations are based on compression and decompression runs, and further work is needed to show how these glass-glass transformations relate to heating-induced glassglass transformations. 50 A comparative study of heatingand pressure-induced LDA-HDA transformations will be presented in a subsequent work.
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APPENDIX A: REVERSIBILITY OF THE LDA-HDA TRANSFORMATION
In this appendix, we discuss briefly the properties of the LDA forms obtained (i) upon cooling the liquid at P = 0.1 MPa, i.e., HGW, and (ii) upon decompression of HDA. We already mentioned that these two forms of LDA are very similar, but not identical, since the corresponding decompression-induced sublimation pressures are different [ Fig. 1(b) ].
To compare these LDA forms, we decompress HGW to negative pressures, in order to have both forms of LDA at same pressure at temperature. As an example, we show in Fig. 15(a) the density of HGW during its decompression at T = 80 K from P = 0.1 MPa. Included in the figure is ρ(P) during the LDA-HDA cycle at the same temperature. It is evident from Fig. 15(a) that the two LDA forms have different thermodynamic behavior. Specifically, although both decompression lines intersect at P = −450 MPa, these glasses have different densities at P < −450 MPa. Moreover, their compressibilities, which are defined from the slope of ρ(P), are very different. These differences become less pronounced at higher temperatures, as one approaches the Fig. 2(a) and is an average over 10 independent runs of a smaller system composed of N = 1728 molecules. ρ(P) is practically independent of the system size considered. liquid phase. Not surprising, these differences also diminish when the slower compression rate q P = ±30 MPa/ns is used.
We note that structurally, both LDA forms are strikingly similar. For example, Fig. 15(b) shows that the OO RDF of both LDA forms differ only in the magnitude of the first two peaks and depth of the RDF first minimum. However, both LDA forms exhibit the same general RDF, indicating that they can be considered as members of a unique LDA family. We stress that our simulations do not indicate that the same LDA configuration (or sub-state within the LDA family) is recovered after the LDA-HDA pressure cycle; reversibility of the LDA-HDA transformations is meaningful only in the context FIG. 17 . Snapshots during the LDA-to-HDA transition from a computer simulation of a very large system, composed of N = 13 824 molecules, at T = 80 K and P = 1070, 1080, 1090, and 1100 MPa (see Fig. 16 ). Snapshots are very similar to those shown in Fig. 4 , showing no signature of a HDA nucleus developing within the LDA matrix.
of LDA and HDA being families of amorphous structures (see the Introduction); see, e.g., Refs. 9 and 54.
APPENDIX B: SIZE EFFECTS ON THE LDA-HDA TRANSFORMATION
In this appendix, we study whether our results are sensitive to the system size. We focus on the LDA-to-HDA transformation performed at T = 80 K and using the fast rate 300 MPa/ns. Figure 16 shows the evolution of density with pressure for one system composed of N = 13824 molecules (8 times larger than the system previously studied). For comparison, we include the results shown in Fig. 2(a) obtained with the 1728-molecule systems, after averaging over the 10 independent runs. For both system sizes, we obtain practically the same transformation pressure and the corresponding curves of ρ(P) practically overlap. Interesting, ρ(P) is sharper at the transition for the larger system. These results constitute strong evidence that the results obtained for the N = 1728 molecules system are not affected by the system size.
Snapshots during the LDA-to-HDA transition for the N = 13824 molecules system are included in Fig. 17 . These snapshots are very similar to those shown in Fig. 4 . In particular, we note that, even for this large system, there is no signature of a HDA nucleus developing within the LDA matrix.
